Mutant genes that underlie Mendelian forms of amyotrophic lateral sclerosis (ALS) and biochemical investigations of genetic disease models point to potential driver pathophysiological events involving endoplasmic reticulum (ER) stress and autophagy. Several steps in these cell biological processes are known to be controlled physiologically by small ADP-ribosylation factor (ARF) signaling. Here, we investigated the role of ARF guanine nucleotide exchange factors (GEFs), cytohesins, in models of ALS. Genetic or pharmacological inhibition of cytohesins protects motor neurons in vitro from proteotoxic insults and rescues locomotor defects in a Caenorhabditis elegans model of disease. Cytohesins form a complex with mutant superoxide dismutase 1 (SOD1), a known cause of familial ALS, but this is not associated with a change in GEF activity or ARF activation. ER stress evoked by mutant SOD1 expression is alleviated by antagonism of cytohesin activity. In the setting of mutant SOD1 toxicity, inhibition of cytohesin activity enhances autophagic flux and reduces the burden of misfolded SOD1. These observations suggest that targeting cytohesins may have potential benefits for the treatment of ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease in which motor neurons die, leading to progressive weakness and respiratory failure (Shook and Pioro, 2009 ). The incidence of ALS is ϳ1-2 per 100,000 and 90% of cases arise in a sporadic manner. In the remaining individuals, there is a family history of ALS (familial ALS, fALS) and/or an allied neurodegenerative disorder (Cleveland and Rothstein, 2001; Al-Chalabi and Hardiman, 2013) . The identification of the disease-causing and disease-related gene defects have enabled the creation of models of disease by expression of the mutant gene in cells or animals (Shaw, 2005; Rothstein, 2009) . Studies using these models of disease have provided a glimpse into the biological processes that go awry and underlie ALS pathophysiology, such as protein misfolding and accumulation, endoplasmic reticulum (ER) stress, dysfunctional intracellular trafficking, excitotoxicity, mitochondrial dysfunction, neuroinflammation, and abnormal RNA processing (Ferraiuolo et al., 2011; Ling et al., 2013) .
The first mutant gene identified to cause fALS was superoxide dismutase 1 (SOD1) (Rosen, 1993) . Since the original description, Ͼ160 different mutations in SOD1 have been identified in SOD1-associated fALS cases (Wroe et al., 2008) . Although some mutations impair dismutase activity (conversion of superoxide to hydrogen peroxide), most do not. Therefore, whereas a loss of function could contribute to the pathogenic mechanism, it is generally agreed that the mutations confer a toxic gain of function. Accumulation of misfolded conformers of mutant SOD might be "the" toxic gain of function that drives subsequent pathological events.
The ADP-ribosylation factor (ARF) GTPases are a phylogenetically conserved family of proteins involved with membrane trafficking, lipid metabolism/signaling, actin remodeling, and lipid droplet formation (D'Souza-Schorey and Chavrier, 2006).
Several of these ARF-governed processes are perturbed in ALSparticularly mutant SOD1-induced defects in ER-Golgi trafficking leading to ER stress (Urushitani et al., 2008; Saxena et al., 2009; . Based on these overlaps, we examined the contributions of cytohesin-ARF signaling in cell-and animalbased models of ALS. We provide evidence that inhibition of cytohesin activity protects against mutant protein toxicity, likely by reducing ER stress and stimulating autophagic protein clearance.
Materials and Methods
Source of reagents. SecinH3 was synthesized as described previously (Hafner et al., 2006) . The trophic factors ciliary neuronotrophic factor (CNTF), brain-derived neurotrophic factor (BDNF), neurotrophin 4 (NT-4), cardiotrophin 1 (CT-1), and glial-derived neurotrophic factor (GDNF) used for spinal cord neuron cultures were from Alomone Labs. All other reagents were obtained from Sigma-Aldrich and were of the highest grade available. The source of primary antibodies was as follows: cytohesin1, cytohesin 3, and hSOD1 (Abcam); GFP and HA (Santa Cruz Biotechnology); ATF4, CHOP, PDI, LC3, and p62 (Cell Signaling Technology); Myc, actin (Sigma-Aldrich); cytohesin 2 (ProteinTech); and panArf (Thermo Scientific). MS785 was generated as described previously (Fujisawa et al., 2012) . Chicken anti-rodent MAP2 (ab5392-25; Abcam) was used in immunocytochemical studies. Rabbit anti-human Cu/Zn SOD (ADI-SOD 100; Enzo Life Sciences).
Tissue culture. Rat mixed spinal cord neuron cultures were prepared as described previously (Mojsilovic-Petrovic et al., 2006) . Briefly, Sprague Dawley rat dissociated embryonic day 15 (E15) spinal cord neurons were added to a confluent monolayer of astrocytes prepared from the cortex of postnatal day 2 rat pups. One to two days later, AraC (5 M) (C6645; Sigma-Aldrich) was added for 24 h to arrest astrocyte proliferation. Cultures were maintained in culture medium consisting of astrocyteconditioned medium supplemented with 10 ng/ml CNTF, BDNF, NT-4, CT-1, and GDNF; 50% of the medium was replaced with fresh medium every 3 d. For pure astrocyte cultures, the addition of dissociated neurons was omitted. Oligodendrocyte cultures were created as described previously (Feigenson et al., 2011) . Cell lines (e.g., Neuro N2a, HeLa, NSC34, HEK 293) were cultured in DMEM with 10% fetal bovine serum and antibiotics (100 g/ml penicillin and 100 g/ml streptomycin). For stable cell lines, selection pressure was maintained by the addition of G418 (700 g/ml) plus hygromycin B (200 g/ml) until used. Stable NSC-34 cells were incubated with doxycycline (1 g/ml) to induce wtSOD1-GFP or G93A mutant SOD1-GFP protein expression. For pharmacology experiment, cultures were treated with either secinH3 (10 or 50 M) or vehicle (DMSO). For autophagy studies, bafilomycin A1 (Baf A1; SigmaAldrich, final concentration 400 nM) and 3-methyl adenine (SigmaAldrich, final concentration 10 mM) were used.
DNA constructs and recombinant herpes simplex virus. Coding sequences for cytohesins 1-3 were amplified from a mouse spinal cord cDNA library (Stratagene) and cloned into pcDNA3.1/Myc-His (Invitrogen) and pEGFP (Clontech). Dominant-negative (DN) mutants of cytohesins (E156K Cy2 and E161K Cy3) were engineered by mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Agilent). ARF mutants have been described previously (Zhang et al., 1994; Radhakrishna and Donaldson, 1997) . Human wild-type (WT) or G85R or G37R mutant SOD1 constructs were generated as described previously (Zhai et al., 2005) . Unless specifically specified, in all experiments in which neurons were infected with herpes simplex virus (HSV) to express mutant SOD, the G85R mutant version was used. WT and p150 glued were gifts from Erika Holzbaur (University of Pennsylvania, Philadelphia, PA). For transduction of primary cultured spinal cord neurons, cDNAs were cloned into HSV p1006 (ϩ) and packaged by the Viral Gene Transfer Core at the Massachusetts Institute of Technology. The veracity of all constructs was confirmed by DNA sequencing.
The design of miRNA targeted to cytohesins followed the rules described in the "BLOCK-iT Pol II miR RNAi" kit by Invitrogen (version F, 2010). 5Ј and 3Ј flanking sequences were added to facilitate subcloning into the p1006 (ϩ) HSV amplicon vector (for description, see http://mcgovern.mit.edu/technology/viral-core-facility).
RNA extraction, reverse transcription, and RT-PCR. Total RNA was extracted from mouse brain and spinal cord tissues of either sex using TRIzol reagent (Invitrogen). All RNA samples were reverse transcribed into cDNA using the Superscript II Reverse Transcriptase kit (Invitrogen). For RT-PCR, the following primers were used: cytohesin 1: 5Ј-gaagggctcaacaagacagc-3Ј and 5Ј-atgattgcgaaggacaggac-3Ј; cytohesin 2: 5Ј-cagccattggggactaccta-3Ј and 5Ј-ctcggtctgggttgaagaag-3Ј; cytohesin 3: 5Ј-attcaacatggaccccaaaa-3Ј and 5Ј-agggttgcacaggcagtatc-3Ј; cytohesin 4: 5Ј-gctacgtgctgtccttctcc-3Ј and 5Ј-gcttcttggggtcctctacc-3Ј; ARF1: 5Ј-caga acacccaaggcttgat-3Ј and 5Ј-ctgtggcgtagagagtgcag-3Ј; ARF2: 5Ј-cacagtctg ggatgttggtg-3Ј and 5Ј-ggtttttgagctggttggag-3; ARF3: 5Ј-gtggttgacagcaatga tcg-3Ј and 5Ј-agccagtccaagccttcata-3Ј; ARF4: 5Ј-tatgggatgttggtggtcaa-3Ј and 5Ј-tgtagcacaagtggcttgga-3Ј; ARF 5: 5Ј-cagatgcggatccttatggt-3Ј and 5Ј-atgag gccctgagtgttctg-3Ј; ARF6: 5Ј-caagttcaacgtgtgggatg-3Ј and 5Ј-agggctgcacatacc agttc-3Ј.
Immunocytochemistry. Tissue culture cells were fixed in freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 min at room temperature. The fixed cells were permeabilized with 0.1% Triton X-100 for 10 min before incubation with primary antibodies overnight at 4°C. After extensive washes with PBS, cells were incubated with Alexa Fluor-conjugated secondary antibody for 2-6 h at room temperature. The mounted cells were examined by laser-scanning confocal microscopy (Olympus Fluoview). Controls without primary antibody verified the authencity of the immunocytochemical staining.
Quantification of motor neurons. The number of SMI32-positive neurons with cell body diameter 25 m or greater were counted in three randomly selected fields per coverslip, and the mean value was obtained (for methodological details, see Mojsilovic-Petrovic et al., 2006 . In each experiment, at least three independent coverslips were used per condition and the results presented were obtained for at least four independent cultures and experiments.
Coimmunoprecipitation, lysate fractionation, and Western blotting. Cells were lysed with ice-cold cell lysis buffer containing the following (in mM): 50 HEPES, pH 7.9, 150 NaCl, 1 EGTA, 1.5 MgCl 2 , 50 NaF, 1 PMSF, and 1 Na 3 VO 4 , along with 10% glycerol, 1% Triton X-100, and mammalian protease inhibitor mixture (Sigma-Aldrich). Cells were then clarified by centrifugation at 14,000 rpm for 15 min at 4°C. Brains of adult mice were snap frozen, minced, resuspended in cell lysis buffer, and clarified by centrifugation at 14,000 rpm for 30 min at 4°C. Cell lysates and brain extracts were normalized for protein content (Pierce) and incubated with antibodies of interest. Immunocomplexes were then precipitated with protein A/G agarose, washed four times with lysis buffer, eluted by boiling in SDS-PAGE sample buffer, and subjected to Western blot analysis. Western blots were visualized and quantified using the LI-COR Odyssey Infrared Imaging System without saturating the protein bands. The intensity value was normalized against the actin loading control. Data analyzed were from three independent experiments.
To detect misfolded SOD using MS785 in neuron cultures, cells were solubilized in lysis buffer containing the following (in mM): 50 Tris-HCl, pH 8.0, 150 NaCl, 10 EDTA, and 1 PMSF, along with 1% deoxycholate and 1% Triton X-100, at 4°C for 15 min, centrifuged at 14,000 rpm on a tabletop Microfuge for 10 min, and the supernatant was removed for incubation with 1 g of MS785 for 14 h at 4°C. Anti-rat Ig-conjugated magnetic beads were then added (Life Technology), incubated for 1 h, and then isolated with a magnet. The beads were washed twice in highsalt buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1% Triton X-100, 5 mM EDTA) and 4 times with low-salt buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA) before resuspension in 2ϫ sample buffer, subjected to SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with anti-human SOD antibody.
To study soluble and insoluble fractions of SOD, cells were washed twice with cold PBS and harvested in lysis buffer: 50 mM Tris, pH 8.0, 10 mM MgCl 2 , 15 mM NaCl, 1% Triton X-100, 5% glycerol, and 1% protease inhibitor mixture (Sigma-Aldrich P2714 -1BTL). The cell lysate was sonicated and centrifuged at 100,000 ϫ g for 30 min (at 4°C). The supernatant was collected and designated the "soluble fraction." The pellet was resuspended in urea buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, and 30 mM Tris-HCl, pH 8.5. After sonication, the lysate was centrifuged at 20,000 ϫ g for 30 min and the supernatant was designated "insoluble fraction." The protein concentration was determined using the Bradford assay (Bio-Rad).
Caenorhabditis elegans. We used six strains of worms for these studies: (1) WT (N2 Bristol), (2) worms engineered to express G85R mutant SOD fused to YPF thoughout the entire nervous system (Psnb-1::G85R SOD1-YFP), (3) mutant SOD worms with enhanced nervous system RNAi Cherry) ; (Lim et al., 2012) , (4) mutant SOD worms on an ARF6 mutant background (Psnb-1::G85R SOD1-YFP; ARF6(Tm1447 ), (5) mutant SOD worms on an ARF1.2 mutant background (Psnb-1::G85R SOD1-YFP; ARF1.2(ok796 ), and (6) worms in which the Arf-1.2 promoter drives expression of GFP; in a dpy-5 mutant background with dpy-5 rescue coinjection marker (BC12796 dpy-5(e907) I; sEx 12796 [rCesB0336.2::GFP ϩ pCeh361] ). All animals were maintained on standard nematode growth medium (NGM) plates seeded with Escherichia coli OP50 at 20°C (Brenner, 1974) .
RNAi knock-down and locomotor assays in C. elegans. Each RNA interference (RNAi) colony was grown overnight in LB medium containing ampicillin (50 g/ml) and 200 l was seeded on NGM plates containing isopropylthiogalactoside (1 mM) to induce double-stranded RNA expression. Feeding RNAi clones for Grp1 and efa-6 were obtained from Thermo Scientific (ORFeome) and Source Bioscourse LifeSciences (MRC) and sequenced before use to verify authenticity. Identical results were obtained from the two sources of feeding RNAi experiments. For locomotor experiments, larval stage 4 (L4) animals were placed on RNAi plates overnight. On the next day, young adult animals were transferred to a fresh RNAi plate and allowed to lay eggs for another 4 -6 h. Progeny were subsequently tested for locomotor activity.
C. elegans locomotor behavior was tested in a swimming assay as described previously (Lim et al., 2012) . Briefly, a total of 15-25 adult worms were allowed to lay eggs for 4 h. When larvae reached the L4 stage, their locomotor behavior was blindly recorded on a videocamera and tracked using the Parallel Worm Tracker program (http://wormsense.stanford. edu/tracker). Behavior was also recorded at an adult stage (24 h after L4). On average, five replicates containing seven to 10 animals per group were tested and at least three independent experiments were performed for each locomotor assay. Animal tracks were analyzed on MATLAB (The MathWorks) to determine the average speed (in millimeters per second).
SOD1 proteins. The maltose binding protein (MBP) tagged SOD1 WT and G93A, MBP-2 SOD1 WT and MBP-2x SOD1 G93A, were expressed in BL21(DE3) cells. The recombinant proteins were purified with amylose resin (New England BioLabs) according to the manufacturer's instructions.
Cytohesin GEF activity assay. His6-cytohesin 2 was expressed in and purified from bacteria as described previously for his6Brag2 (Jian et al., 2012) . MyrARF6 was purified as described previously (Ha et al., 2005) , with some modifications (the myrARF6 purified in this manner is GTP bound). To convert the myrARF6·GTP to myrARF6·GDP, the myrARF6 sample (purified from 1 L of bacterial culture) was kept in a buffer containing the following (in mM): 20 Tris-HCl, pH 8.0, 25 NaCl, 1 MgCl 2 , 1 DTT, 2 EDTA, and 10 mM GDP, along with 1% Triton X-100. Next, 1 M GST-BRAG2 (Sec7-PH) was added to the myrARF6·GTP sample to catalyze exchange of GDP for GTP to convert myrARF6·GDP. The sample was incubated at 30°C for 100 min. The treated myrARF6 sample was passed through glutathione beads five times to remove GST-BRAG2 (Sec7-PH). The flowthrough was then applied to a HiLoad 16/60 Superdex 75 column preequilibrated in the following (in mM): 20 Tris, pH 8.0, 25 NaCl, 1 MgCl 2 , and 1 DTT, alogn with 0.1% Triton X-100 and 50 M GDP. More than 95% of the myrARF6 contains GDP when prepared by this method (Randazzo et al., 1995; Jian et al., 2010; Jian et al., 2012) . The high MgCl 2 was used in this reaction to slow down the spontaneous nucleotide exchange. The reactions also contained 0.5 mM large unilamellar vesicles (LUVs) and 0.5 M myrARF6·GDP, with 10 nM His6-cytohesin 2. LUVs were prepared by extrusion with lipids purchased from Avanti Polar Lipids. They contained 40% phosphatidylcholine, 25% phosphatidylethanolamine, 15% phosphatidylserine, 9% phosphatidylinositol, 1% phosphatidylinositol 4,5-biphosphate, and 10% cholesterol. The reactions were incubated at 30°C for 3 min and terminated with 2 ml of ice-cold buffer containing the following (in mM): 20 Tris, pH 8.0, 100 NaCl, 10 MgCl 2 , and 1 dithiothreitol. Protein-bound nucleotide was trapped on nitrocellulose and the bound radioactivity was counted by liquid scintillation. Less than 5% of the myrARF6·GDP exchanged nucleotide in the absence of cytohesin 2 under this condition.
ARF·GTP pull-down assays. HeLa cells were transfected with ARF6-HA/pcDNA3.1, together with WT hSOD1, G85R hSOD1, or G93A hSOD1, all in pcDNA3.1/Myc-His vector. Transfected cells were harvested 24 h after transfection. ARF6·GTP level was determined as described previously (Yoon et al., 2005) . Briefly, cells were washed twice with ice-cold PBS and lysed in lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 1% Triton X-100) supplemented with protease and phosphatase inhibitor mixture (Thermo Scientific). Immobilized GST-VHSGATGGA3 was incubated with cleared cell lysates at 4°C for 2 h on a rotator, washed twice with lysis buffer, and eluted with SDS sample buffer. The bound ARF6-HA·GTP was detected by Western blot using antibody against HA.
Measurement of XBP1 splicing. RNA templates for RT-PCR consisted of total RNA isolated using the RNA easy kit (Qiagen) per the manufacturer's protocol. Three micrograms of RNA was retrotranscribed into cDNA using random hexamers (Superscript II Reverse Transcriptase; Invitrogen) per the manufacturer's protocol. RT-PCR was performed using the GeneAMP PCR system 9700 (ABI). The primers used for RT-PCR were as follows: forward, rat XBP1, AAACAGTAGCAGCACAG ACTGC and reverse, rat XBP1, TCCTCCTGGGTAGACCTCTGGGAG. These primers were designed to enable detection of both the unspliced form of XBP1 (XBP-1u) and the spliced form of XBP-1 (XBP-1s). Splicing that results in the removal of a 26 nt intron. PCR conditions were as follows: 1 hold 94°C for 4 min, 94°C 10 s, 63°C 30 s, 72°C 30 s repeated for 35 cycles, 1 hold 72°C 1 min, and 4°C ϱ. Agarose gel electrophoreses was used to differentiate between XBP-1u and XBP-1s.
Measurements of the autophagic system. We assessed the level of activation of the autophagic system using the most current methodologies and tools (Mizushima et al., 2010) . The extent of autophagosome formation was determined by the ratio of LC3-II relative to actin (by Western blot) and quantification of p62 abundance. To assay autophagic flux, HeLa cells were grown to ϳ85% confluence in the presence or absence of 50 M secinH3 ϫ 24 h. Then, Baf A1 or vehicle was added to the culture medium of each experiment for 4 h, followed by cell lysis and immunoblotting for LC3, p62, and actin. Densitometric determination of band intensities is reported and reflects the mean of four or more biological replicates. These experiments were repeated no less than three times from independently generated cultures.
Statistics. Pairwise comparisons used two-tailed Student's t test. When three or more experimental groups were compared, ANOVA and post hoc analysis with significance set at p Ͻ 0.05.
Results

Inhibition of ARF GEFs benefits models of ALS
As a first step toward determining the importance of cytohesins and ARF GTPases in models of neurodegenerative disease, we used a recently developed small-molecule inhibitor of cytohesin GEF activity. There are four known mammalian cytohesins, termed cytohesin 1-4, and secinH3 has been shown to inhibit all except cytohesin 4 (Hafner et al., 2006) . We investigated whether administration of secinH3 to spinal cord neuron cultures expressing mutant proteins exacerbated or protected against toxicity.
Dissociated spinal cord neurons were grown on an astrocyte monolayer for 14 d in vitro (DIV) before infecting with recombinant HSV engineered to express ␤ galactosidase (LacZ), WT human SOD1 (WT-SOD1), or the G85R mutant version of human SOD1 (mut-SOD1). At the dose and titer of virus we used, Ͼ95% of neurons express the transgene under this culture conditions (Mojsilovic-Petrovic et al., 2006, 2009) . At the time of infection and every other day thereafter, cultures were treated with either 50 M secinH3 or vehicle. After 7 DIV, the cultures were fixed, stained with a previously validated immunocytochemical marker of motor neurons, and surviving motor neurons were quantified (Mojsilovic-Petrovic et al., 2006) . Group differences in motor neuron survival were found by ANOVA (F (7,16) ϭ 14.10, p Ͻ 0.0001). Compared with cultures that were not infected with viruses, no motor neuron death was seen in HSV-LacZ or HSV-WT SOD1-infected cultures (Fig. 1 ). There was no statistically significant difference in motor neuron survival in these cultures when treated with secinH3 compared with vehicle. Consistent with prior work (Mojsilovic-Petrovic et al., 2006 Perlson et al., 2009; Jeong et al., 2011) , we found that ϳ50% of motor neurons died after 7 d of infection with HSV-mutant SOD1 and treatment with secinH3 completely blocked this death ( post hoc, p Ͻ 0.05) (Fig. 1) . Identical results were obtained using HSV engineered to express the G37R mutant version of SOD (data not shown). To determine whether the effect of secinH3 was restricted to the toxic actions of mutant SOD1, we expressed a different WT and mutated protein that has been implicated in a genetic form of motor neuron disease, p150
glued (Puls et al., 2003) . Group differences in motor neuron survival were found by ANOVA (F (5,18) ϭ 33.69, p Ͻ 0.0001). As described previously (Mojsilovic-Petrovic et al., 2009 ), expression of mutant, but not WT p150 glued , led to the loss of ϳ50% of motor neurons under these culture conditions, and treatment of secinH3 completely rescued this phenotype ( post hoc, p Ͻ 0.05) (Fig. 1 ). These observations suggest that antagonism of cytohesin GEF activity by secinH3 protects against multiple insults that can cause death of motor neurons.
To consolidate the finding that antagonism of cytohesin-ARF GTPase signaling by secinH3 protects against multiple insults that can cause death of motor neurons, we investigated whether expression of DN forms of cytohesins would also protect against mutant SOD1 toxicity. We engineered recombinant HSV to express WT or DN forms of cytohesins 2 and 3 (cytohesin 2 E156K and cytohesin 3 E161K). Both WT and DN forms of cytohesins express at similar levels by Western blot (data not shown). To determine whether expression of either WT or DN versions of cytohesin 1, 2, or 3 alone were toxic, we counted surviving motor neurons in cultures expressing these viruses and compared these values with LacZ or no virus controls. We found that the number of surviving motor neurons in cultures expressing WT or DN versions of cytohesins 2 or 3 was similar to those expressing ␤-galactosidase or no virus infection, indicating that expression of WT or DN cytohesins 2 and 3 alone does not cause motor neuron death in cultures ( Fig. 2A) .
We then infected spinal cord cultures with various combinations of WT or mutant SOD1 and WT or DN cytohesin 2 at 14 DIV and counted motor neuron survival 7 d later. In previous work, we found that infecting our spinal cord cultures with two viruses led to a very high level of both transgenes in the same neurons and that this approach was not toxic per se (Mojsilovic-Petrovic et al., 2009 ). Group differences in motor neuron survival were found by ANOVA (F (5,32) ϭ 32.06, p Ͻ 0.0001). Compared with uninfected or HSV-LacZ infected cultures, neither expression of the WT nor the DN cytohesins adversely affected motor neuron survival (Fig. 2B ). There was no statistically significant difference in motor neuron numbers between cultures expressing WT SOD1 versus WT SOD1 ϩ WT cytohesin 2 or WT SOD1 ϩ DN cytohesin 2. Expression of mutant SOD1 led to an ϳ50% death of motor neurons that was rescued by coexpression of DN cytohesin 2 but not WT cytohesin 2 ( post hoc, p Ͻ 0.05; Fig.  2B ). We performed a similar analysis of cultures with various combinations of WT or mutant SOD1 and WT or DN cytohesin 3 at 14 DIV and counted motor neuron survival 7 d later. Group differences in motor neuron survival were found by ANOVA (F (5,35) ϭ 11.44, p Ͻ 0.0001). There was no statistically significant difference in motor neuron number between cultures expressing WT SOD1 versus WT SOD1 ϩ WT cytohesin 3 or WT SOD1 ϩ DN cytohesin 3 (Fig. 2C) . Expression of mutant SOD1 led to an ϳ50% death of motor neurons that was rescued by coexpression of DN cytohesin 3 but not WT cytohesin 3 ( post hoc, p Ͻ 0.05; Fig. 2C ).
In an additional test of the participation of cytohesins in mutant protein toxicity, we used RNAi. Alignment of the rat cytohesin 1, 2, and 3 sequences identified a region that was common to all three (Fig. 2D ). We created a miRNA to this sequence as well as a scrambled sequence control ("scr miRNA") and determined that the miRNA to the sequence common to cytohesins 1, 2, and 3 ("pan-Cy miRNA") effectively knocked down these targets in a heterologous expression system (data not shown). We then engineered HSV to express the pan-Cy miRNA or the scr miRNA, infected spinal cord cultures, and determined that the active miRNA effectively knocked down its targets in neurons (Fig. 2E) . Armed with these tools, we then studied cultures that were either uninfected or infected with HSV-LacZ (at DIV 14) along with two different doses of HSV-pan-Cy miRNA and assessed survival at 21 DIV. We determined that neither LacZ expression nor LacZ ϩ miRNA expression influenced motor neuron survival Glued , or mutant p150
Glued . Parallel plates were treated every other day with 50 M secinH3 or vehicle for 7 d. Cultures were fixed, immunostained using SMI-32, and the motor neuron (identified by previously validated criteria; Mojsilovic-Petrovic et al., 2006) number was quantified. No statistically significant difference in the number of motor neurons was detected in uninfected cultures versus cultures expressing LacZ or WT SOD1 or p150
Glued. Treatment with secinH3 showed no effect on survival in these cultures. Approximately 50% of motor neurons died after 7 d of infection with HSV-mutant SOD1 or HSV-mut p150
Glued ; treatment with secinH3 completely rescued motor neuron death induced by mutant SOD1 or mutant p150
Glued ( post hoc, p Ͻ 0.05).
(compared with uninfected cultures). Similarly, expression of WT SOD was not toxic in this culture system with or without coexpression of the pan-Cy miRNA (Fig. 2F ) . In contrast, expression of mutant SOD with or without pan-Cy miRNA led to group differences by ANOVA (F (3,46) ϭ 5.499, p ϭ 0.01). Mutant SOD led to an ϳ50% reduction in motor neuron survival ( post hoc, p Ͻ 0.05) and coexpression of the pan-Cy miRNA led to a dosedependent rescue of toxicity ( post hoc, p Ͻ 0.05). The higher dose of pan-Cy miRNA completely prevented the toxicity of mutant SOD expressed expressed in our cultures (Fig. 2F ).
Considering the three complementary approaches taken to reduce cytohesin activity (i.e., pharmacological, expression of DN constructs, and simultaneous knock-down of cytohesins 1, 2, and 3), our observations suggest that loss of cytohesin activity blocks the toxic actions of mutant SOD1 in mammalian neurons.
To extend these observations to an in vivo model, we used C. elegans engineered to express yellow fluorescent protein-tagged G85R mutant SOD1 in the nervous system. These animals display an uncoordinated ("unc") locomotor phenotype, although no motor neuron death has been observed (Wang et al., 2009; Lim et al., 2012) . Because there are at least two cytohesin homologs in C. elegans genome (Grp1 and efa-6 ), we investigated whether feeding RNAi rescued the unc phenotype of the mutant SOD1-expressing worms. We found no improvement in the locomotor impairment in mutant SOD1 expressing C. elegans grown on RNAi expressing bacteria targeting Grp1 or efa-6 versus empty vector (data not shown). This was true at L4 as well as in young adults.
RNAi is either not robust in the nervous system of C. elegans or has unpredictable efficacy. A recent advance in the field is to eliminate the SID1 gene throughout the organism and transgenically express SID1 only in neurons (Calixto et al., 2010) . SID1 is important for the uptake of RNA and knock-out in peripheral tissues and its overexpression in neurons enhances neuronal RNAi efficacy. We considered the possibility that RNAi to Grp1 and efa-6 was ineffective in ameliorating mutant SOD1 toxicity because of the relative resistance of neurons to feeding RNAi. To test this idea, we created worms that express mutant SOD1 in a Figure 2 . Expression of DN mutant cytohesins or knock-down of cytohesins 1, 2, and 3 protects motor neurons from mutant SOD1 toxicity. DIV 14 spinal cord neuron cultures were infected with various combinations of HSV expressing LacZ; WT cytohesins; DN mutant cytohesins; active or inactive miRNA to cytohesins 1, 2, and 3; and WT or mutant SOD1 and the number of surviving motor neurons was determined 7 d later. A, Quantitative analysis showed that expression of LacZ, WT, or DN mutant cytohesins 1-3 alone did not cause death of motor neurons under these culture conditions. B, Expression of mutant SOD1 alone led to an ϳ50% death motor neurons compared with WT SOD1 alone and this effect was rescued by coexpression of DN cytohesin 2, but not WT cytohesin 2 ( post hoc, p Ͻ 0.05). C, Similar analysis showed that coexpression of DN cytohesin 3, but not WT cytohesin 3, rescued motor neurons from mutant SOD1-induced toxicity ( post hoc, p Ͻ 0.05). D, Alignment of the sequence of rat cytohesins 1, 2, and 3 identifies a region of identity in the coding region and this sequence was selected for targeting for RNAi. The selected region is called the pan-Cy target sequence and the miRNA to this sequence is called the pan-Cy miRNA. E, Lysates from spinal cord cultures infected with HSV engineered to express the pan cytohesin miRNA or a scrambled sequence control were immunoblotted for Cy1, Cy2, or Cy3 and actin. The active miRNA targeting all three cytohesins led to a reduction in neuronal levels of Cy1, Cy2, and Cy3. F, No difference in motor neuron number was seen in uninfected cultures versus cultures infected with HSV-LacZ ϩ HSV engineered to express a scrambled (scr) sequence miRNA death or two doses of the pan cytohesin miRNA. No difference in motor neuron number was seen in uninfected cultures versus cultures infected with HSV-WT SOD ϩ HSV engineered to express an scr sequence miRNA death or two doses of the pan-Cy miRNA. Expression of mutant SOD was toxic to motor neurons and knock-down of Cy1, Cy2, and Cy3 with the pan-Cy miRNA protected against this insult in a dose-dependent manner (*p Ͻ 0.05; **p Ͻ 0.01).
SID1-null background with transgenic expression of SID1 in neurons (denoted mutant SOD1;SID1; Lim et al., 2012) and repeated the feeding RNAi experiments. Compared with worms fed empty vector, RNAi knock-down of Grp1 or efa-6 to the mutant SOD1;SID1 worms led to rescue of the locomotor defect (Fig.  3A) . The improvement in locomotion by reduction of worm cytohesins was seen at both the L4 and young adult stages. Because there is no neuronal death (only neuronal dysfunction) in the mutant SOD1 worm (Wang et al., 2009) , the beneficial effects of Grp1 or efa-6 knock-down must ameliorate a dysfunctional biological response to mutant SOD1 expression.
There are at least four genes in the C. elegans genome that are likely to be ARF orthologs: ARF1.1 (gene name, F45E4.1), ARF1.2 (B0336.2), ARF3 (F57H12.1), and ARF6 (Y116A8C.12). To determine which cells are expressing these ARFs, we began by examining a reporter strain in which the ARF1.2 promoter drives GFP (BC12796). We found many labeled neurons in the ventral nerve cord, commissural neurons, and neurons associated with the vulva and pharynx (Fig. 3 B, C) . Several other structures, such as muscle cells and the pharynx, also expressed GFP. No other reporter strains are available, so the expression pattern of other ARFs is unknown.
At the time that we initiated these studies, we found that deletion mutant alleles existed at all four ARF loci in publically accessible repositories. The existing Arf-3 deletion allele (tm1877) removes a substantial portion of the N terminus of the protein, but also deletes the C terminus of the adjoining gene, F57H12.10. The existing Arf-1.1 deletion allele (RB1535) is restricted to the Arf-1.1 locus, but our genotyping suggests that, during mutagenesis, both a deletion and duplication of the locus occurred and thus a usable Arf-1.1 loss-of-function mutant worm does not exist. Our analysis indicates that only for ARF1.2 and ARF6 was the deletion restricted to the gene of interest. In light of this, we began our inquiry into the contribution of these ARFs to mutant SOD toxicity. The ARF6 mutant allele tm1447 contains a 2263 bp deletion that includes the first 5 (of 6) coding exons and is very likely to be a null. The ARF-1.2 mutant allele ok796 contains an 1140 bp deletion in the middle of the open reading frame and is probably a null or severe hypomorph. These strains were first outcrossed five times with the N2 strain before being crossed with a G85R mutant SOD1 worm to generate double-mutant worms. In the swimming assay, we observed a modest locomotor defect in ARF1.2 mutant worms compared with the N2 control strain at L4 (Fig. 3D ) and the young adult stage (data not shown), whereas no locomotor defects were found in ARF6 mutant worms (Fig. 3D) . Double-mutant worms (mutant SOD on a mutant ARF6 background) showed the same locomotor defects as mutant SOD worms. Similarly, mutant SOD on a mutant ARF1.2 background showed identical locomotor defects compared with mutant SOD worms; this was true at the L4 stage as well as in young adults (Fig. 3D and data not  shown) . Therefore, whereas suppression of cytohesin activity is neuroprotective, loss of individual ARFs does not rescue the lo- comotor defect. These results may indicate that redundant functions allow nondeleted ARFs to substitute for the loss of individual ARFs, a phenomena well described in the ARF literature (Volpicelli-Daley et al., 2005; Popoff et al., 2011) . Alternatively, ARF genes for which we did not have mutant alleles (e.g., ARF-1.1 or ARF-3) might play a key role in the neuroprotective actions of cytohesin activity blockade. Targeted mutation in these genes (e.g., using genome editing tools such as TALENs or CRISPR/Cas9; Cermak et al., 2011; Lo et al., 2013) will allow us to address this issue in the future.
In sum, using pharmacological and molecular tools in mammalian tissue culture and nervous-system-specific gene knockdown in C. elegans, we find that inhibition or loss of function of cytohesins has a beneficial effect on cells and animals expressing mutant SOD1.
Cytohesins and ARFs are expressed by multiple cell types
The literature on expression patterns of cytohesins and ARFs in nervous tissues is limited, so we determined the expression pattern of these genes in neuronal tissues. We first determined whether cytohesins and ARF GTPases were expressed in adult rodent spinal cord and brain as well as in three in vitro preparations: (1) mixed rat spinal cord neurons grown on astrocytes, (2) pure astrocyte cultures, and (3) pure oligodendrocyte cultures. Using RT-PCR, we found evidence for mRNA for all ARF GTPases (ARFs 1-6) and all cytohesins (cytohesins 1-4) in the brain and spinal cord (Fig. 4A,B) . Similarly, we detected mRNA for all ARFs and cytohesins in the three culture platforms (Fig. 4C) . The sole exception was the lack of ARF 2 mRNA in pure astrocyte cultures.
Using Western blot, we found expression of endogenous cytohesins 2 and 3 in cultured spinal cord neurons as well as lysates of HEK293 and Neuro 2a cells (Fig. 4D) . Cytohesin 3 was apparently present in lower abundance in cultured spinal cord neurons and Neuro 2a cells (Fig. 4C ). An antibody that recognizes all ARF GTPase isoforms gave robustly positive immunoblot signal using lysates of cultured spinal cord neurons and lysates of HEK293 and Neuro 2a cells (Fig. 4D ). These observations demonstrate that the mRNA for all ARF GTPases and cytohesins are expressed in brain, spinal cord, and cultured spinal cord neurons and, within the limitations of available reagents, at least cytohesins 2 and 3 protein products are expressed in the same tissues.
We next used immunocytochemistry to examine the expression of cytohesins and ARF GTPases in our in vitro cellularmodel-cultured spinal cord neurons. Both cytohesin 2 (Fig. 5A ) and cytohesin 3 (Fig. 5D ) immunoreactivity was clearly present in cells of these cultures and there was a perfect overlap between the expression of these GEFs and the neuronal marker MAP2 (Fig. 5 B, C, E, F ). An antibody that recognizes all six ARF GTPases (panARF) similarly stained neurons (Fig. 5G-I ). Attempts to label with antibodies to other cytohesins or specific ARF GTPases did not reveal a reliable immunocytological signal. These observations suggest that a minimum of two cytohesins and one or more ARF GTPases are expressed by neurons in our cultures.
Mutant SOD1 associates with cytohesins but does not influence their ARF guanine nucleotide exchange activity
We considered the possibility that human SOD1 complexes with cytohesins. We began by determining whether WT or mutant SOD1 coimmunoprecipitates with cytohesins in a heterologous expression system. We cotransfected myc-tagged WT SOD1, G93A mutant SOD1, or G85R mutant SOD1 with GFP-tagged cytohesin 1, 2, or 3. Immunoprecipitation with anti-myc followed by immunoblotting for GFP revealed that all the cytohesins (1, 2, and 3) were brought down (Fig. 6A) . Immunoblotting of inputs demonstrates that, in these experiments, expression of cytohesins 1, 2, or 3 does not influence expression of various SOD constructs and, conversely, expression of the SOD constructs does not influence expression of cytohesins 1, 2, or 3. There was a more robust association of each of the cytohesins with the mutant forms of SOD1 than with the WT version (Fig. 6A) . In mixed spinal cord cultures expressing G85R mutant SOD, immunoprecipitation with an anti-human SOD antibody (but preimmune mouse Ig) brought down endogenous Cy3 and human SOD (Fig. 6B) . Input levels of human SOD and Cy3 were identical in the starting material. We were unable to detect by coimmunoprecipitation an interaction between endogenous cytohesins and endogenous rodent SOD. Neither the anti-SOD nor the anti-cytohesin antibodies performed well in our immunoprecipitation experiment. The inability to detect an interaction between the endogenous proteins could reflect the normal biology or could result from technical limitations.
Next, we used a well characterized, conformation-specific antibody, MS785 (Fujisawa et al., 2012) that recognizes misfolded human SOD in immunocytological investigations. When mixed spinal cord cultures are infected with HSV G85R mutant SOD, we found punctate misfolded SOD accumulations in the neuronal cell body and distal dendrites (Fig. 6C,D) . Immunocytology for Cy2 revealed diffuse cytoplasmic staining in the cell body and distal dendrites and discrete puncta (Fig. 6CЈ,DЈ) . Some, but not all, misfolded SOD and Cy2 puncta colocalize in distal dendrites (Fig.  6CЉ,DЉ) . High-magnification images of a neuronal cell body demonstrated that misfolded SOD is distibuted in a "lumpy porridge" pattern. Portions of larger misfolded SOD punta can be seen to overlap with Cy2 staining (Fig. 6EЉ , yellow patch noted by arrowhead) adjacent to Cy2 punta that do not colocalize with misfolded SOD (Fig. 6EЉ , red patch noted by arrow). Smaller misfolded SOD and Cy2 puncta show partial, Venn-diagram-like overlap (Fig. 6 E, EЈ,EЉ noted by circle). A similar immunocytochemical colocalization pattern was seen between misfolded SOD and Cy3 (data not shown).
In sum, these studies show that cytohesins and mutant SOD1 associate in heterologous expression systems as well as in lysates from spinal cord neuron cultures expressing G85R SOD1. Future studies will be needed to determine whether mutant SOD has a preferential associated with active versus inactive cytohesins and the cell biological effects of cytohesin accumulation into punctate structures associated with and unassociated with misfolded SOD.
Effects of SOD on cytohesin GEF activity and bulk ARF·GTP levels
Considering these binding data, we wondered whether the neurotoxicity of mutant SOD1 was mediated through aberrant activation of the guanine nucleotide exchange activity of cytohesins. Isolated ARF releases GDP very slowly, which is the limiting step for GTP binding. Cytohesins catalyze GDP release, allowing subsequent GTP binding. The effect of cytohesins can be measured in an in vitro reaction using purified proteins. In Figure 7A , cytohesin 2 was titrated into a reaction containing 0.5 M ARF6·GDP and 10 M GTP␥S with [ 35 S]GTP␥S as a tracer. After 3 min, the reaction was stopped by diluting 80-fold into 4°C buffer, proteins were trapped on nitrocellulose and protein-bound [
35 S] was measured by scintillation spectroscopy. Under the conditions of the assay, Ͻ5% of ARF6 exchanged GTP␥S for GDP in the absence of an exchange factor. GTP␥S binding to ARF6 was increased by the addition of cytohesin 2 with a half maximal effect at ϳ14 nM cytohesin 2 (Fig. 7A) . To determine whether SOD1 affected the catalytic activity, purified WT or G93A SOD1 fused to maltose-binding protein was titrated into a reaction containing 5 nM cytohesin 2 and 0.5 M ARF6·GDP (Fig. 7B) . A 5 nM concentration of cytohesin 2 is sufficient to induce ϳ20% of the ARF6 to exchange nucleotide under these conditions, a level that would allow detection of either inhibition or activation. SOD1 had no effect on cytohesin 2-catalyzed nucleotide exchange activity. The amount of ARF6·GTP formed was reduced to a small extent by both WT and G93A SOD1 at concentrations up to 1 M (Fig. 7B ). This result indicates that SOD1 does not activate cytohesins directly.
The effect of SOD1 on cellular ARF·GTP levels was also determined. Although little or no effect of SOD1 on cytohesin exchange activity was detected in the in vitro assay, SOD1 may increase cytohesin guanine nucleotide exchange activity, and thus myrARF6·GTP levels, by other mechanisms in vivo. For example, SOD1 could be part of an active ternary complex containing cytohesins. Furthermore, the lack of effect in the in vitro assay could be due to improper folding of SOD1 expressed in bacteria. To measure the effect of SOD1 on cellular ARF·GTP levels, HeLa cells were cotransfected with a plasmid for expression of ARF6 with an HAepitope at the C terminus (ARF6-HA) and a plasmid for either WT or G85R or G93A mutant SOD1. Cells were lysed 24 h after transfection. ARF6-HA·GTP was separated from ARF6-HA·GDP and other proteins by incubating the lysates with the ARF-binding domain of GGA3 fused to GST, which binds specifically to ARF6·GTP. The ARF6-HA·GTP·GGA3 complex was precipitated with glutathione agarose and the amount of ARF6-HA in the precipitate was quantified by immunoblotting for the HA epitope (Fig.  7C, top) . We found that total ARF6-HA was increased by the coexpression of SOD1 (Fig. 7C, middle) . The levels of ARF6-HA·GTP were also increased (Fig.  7C, top) . In the experiment shown, the relative ARF6·GTP/total ARF6 ratio was greater for WT and G93A SOD1 than the control or G85R SOD1; however, the increase in ARF6-HA·GTP was much less than the change observed on expressing an exchange factor (quantified in bar graph, Fig. 7D ). In short, if SOD1 affects the ARF6·GTP levels in cells, we could not detect the changes by examining the entire cellular pool of ARF6·GTP.
In sum, cytohesins bind SOD (particularly dimeric mutant versions) but do not influence in vitro GEF activity or global ARF6·GTP levels.
ER stress evoked by mutant SOD1 expression is alleviated by secinH3
Although a cytosolic protein, a portion of cellular mutant SOD1 appears to enter the secretory pathway and this is associated with biochemical markers of ER stress (Urushitani et al., 2008; . Because ARF GTPases play a major role in vesicle trafficking, we wondered whether blocking cytohesin activity influenced SOD1-induced ER stress. Because Spinal cord cultures infected with HSV-G85R SOD were immunostained for misfolded SOD using MS785 and Cy2. C, Misfolded SOD immunoreactivity is seen in the cell body and extensively fills the dendritic tree. Distal dendrite puncta of immunoreactivity are seen (some highlighted with arrowheads). C, Cy2 immunoreactivity is seen in the cell body and extensively fills the dendritic tree. Distal dendrite puncta of immunoreactivity are seen (some highlighted with arrowheads). C؆, Merged image of C and C shows that some misfolded SOD and Cy2 puncta colocalize (highlighted with arrowhead). Scale bar, 35 m. D, Higher-magnification views of the boxed area in C؆ showing nonhomogeneously distributed misfolded SOD immunoreactivity in the soma and proximal dendrites (an individual puncta highlighted with arrowhead). D, Same region imaged for Cy2 shows nonhomogenous distribution of Cy2 immunoreactivity in the soma and proximal dendrites. A Cy2 puncta in the proximal dendrite is highlighted with arrowhead. D؆, Merged image of D and D showing that some misfolded SOD and Cy2 puncta colocalize (highlighted with arrowhead). Scale bar, 7 m. E, Highermagnification view of the boxed area in D؆ showing that misfolded SOD immunoreactivity in the soma adopts a "lumpy porridge" pattern with immunoreactivity concentrates of various sizes. A larger misfolded SOD concentrate is indicated with an arrowhead and an adjacent region without misfolded SOD concentration is indicated with an arrow. Smaller puncta are scattered throughout the cytoplasm, two of which are highlighted with circles. E, Cy2 immunoreactivity in the same field is similarly nonhomogeneous with concentrated immuoreactivity of various sizes. Larger and smaller Cy2 concentrations are noted by arrowhead, arrow, and circle. E؆, Merged image of E and E showing that there are regions of colocalization of misfolded SOD and Cy 2 immunoreactivity (yellow in region denoted by arrowhead and circle). In addition, some concentrates of Cy2 immunoreactivity are adjacent to, but do not strictly colocalize with, misfolded SOD (red region denoted by arrow). Scale bar, 1.75 m.
we have not previously characterized this phenomena in our culture system, we began by investigating whether induction of ER stress by application of tunicamycin-induced activation of the inositol-requiring enzyme 1␣ (IRE1␣) arm of the unfolded protein response (UPR). When stimulated by dimerization, the endoribonuclease activity of IRE1␣ is activated and catalyzes the unconventional splicing of XBP1 (Walter and Ron, 2011) . Using a PCR-based method, we found that tunicamycin evokes XBP1 splicing and that this event is completely suppressed by pretreating spinal cord cultures with Ն50 M secinH3 (Fig. 8A) . We also found that treatment of neurons with HSV engineered to express the pan-Cy miRNA reduced tunicamycininduced XBP1 splicing in a dosedependent manner. The highest dose of recombinant virus suppressed tunicamycininduced XBP1 splicing nearly to the same degree as 50 M secinH3 (Fig. 8B) . Next, we investigated whether expression of mutant SOD in our mixed spinal cord neuron cultures (using the neurotropic HSV vector) induced XBP1 splicing. Using a variety of dosing schedules and viral loads, we found no evidence for mutant SOD-evoked XBP1 splicing (although our positive control with tunicamycin confirms that these cells are competent to splice XBP1; Fig. 8C ). This observation surprised us because prior in vivo work supports the notion that expression of mutant SOD can stimulate IRE1␣ activation (Hetz et al., 2009; Nishitoh et al., 2008; . We considered the possibility that an XBP1 message from astrocytes in our cultures (which are not infected by HSV) was obscuring the splicing signal, so we interrogated pure neuron cultures. We generated pure spinal cord neuron cultures and expressed LacZ or mutant SOD using a variety of dosing schedules and viral loads and found no evidence for mutant SOD evoked XBP1 splicing (although, again, our positive control with tunicamycin confirms that these cells are competent to splice XBP1; Fig. 8D) . We conclude that spinal cord neurons are capable of activating the IRE1␣ arm of the UPR and this is blocked by application of secinH3 or knock-down of Cy1, Cy2, and Cy3. In addition, we find no evidence that, under these culture and transgene expression conditions, mutant SOD evokes IRE1␣ activation.
The second UPR arm is initiated by double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK) and this leads to activation Figure 7 . Mutant SOD1 does not increase activation of ARF in vitro or in cells. A, In vitro binding analysis showing that GTP␥S-bound ARF6 was increased by the addition of cytohesin 2 with a half maximal effect at ϳ14 nM cytohesin 2. B, In vitro binding analysis showed that SOD1 had little effect on cytohesin 2-catalyzed nucleotide exchange activity. The amount of ARF6·GTP formed was reduced to a small extent (Ͻ20%) by both WT and G93A SOD1 at concentrations up to 1 M. C, ARF·GTP pull-down assay showing that the relative ARF6·GTP/total ARF6 ratio was greater for WT and G93A SOD1 than the control or G85R SOD1; however, no difference in ARF6·GTP/total ARF6 ratio was found comparing WT and mutant SOD1. D, Bar graph quantification of the Western blot data in C. Figure 8 . Chemically evoked ER stress in neurons is suppressed by secinH3 and knock-down of Cy1, Cy2, and Cy3; mutant SOD evokes activation of two arms of the UPR and this is suppressed by secinH3. Cultures of primary spinal cord neurons Ϯ astrocytes were exposed to tunicamycin at DIV 14 or infected with HSV mutant SOD and then lysates were obtained and used for the XBP1-splicing assay. A, Tunicamycin induces XBP1 splicing in mixed spinal cord cultures and this is inhibited by secinH3 treatment (Ն50 M). B, Tunicamycin induces XBP1 splicing in pure neuronal spinal cord cultures and this is suppressed in a dose-dependent manner by cytohesin knock-down using HSV pan-Cy miRNA. The effect of the 3 l dose of virus was similar to secinH3 treatment. C, Varying dosages and schedules of HSV-mutant SOD application to mixed spinal cord cultures did not evoke XBP1 splicing. D, Varying dosages and schedules of HSV mutant SOD application to pure neuronal spinal cord cultures did not evoke XBP1 splicing. Mixed spinal cord cultures were infected with HSV engineered to express LacZ, WT SOD, or mutant SOD and then treated with secinH3 or vehicle for 2 d before preparation of lysates for further interrogation. E, There is an increase of ATF4 expression in mutant SOD1-expressing spinal cord neuron cultures compared with LacZ or WT SOD1. SecinH3 treatment (50 M) blocked this increase. Densitometric quantification of band intensities from 3ϩ independent experiments is displayed in the bar graphs below. F, Similarly, CHOP expression is increased in mutant SOD1-expressing neurons compared with other experimental groups and treatment with SecinH3 (50 M) blocked this increase. Densitometric quantification of band intensities from 3ϩ independent experiments is displayed in bar graphs below. G, H, There is an increase in PDI level in mutant SOD1-expressing neurons comparing with LacZ or WT SOD-expressing neurons and incubation of secinH3 blocked the increase of PDI in mutant SOD1-expressing neurons in an apparently dose-dependent manner. Densitometric quantification of band intensities from 3ϩ independent experiments is displayed in the bar graphs below.
of the ATF4 transcription factor. Compared with spinal cord cultures expressing LacZ or WT SOD1, there was a clear increase in ATF4 expression level as well as CHOP (an ATF4 target gene) in mutant SOD1-expressing neurons (Fig. 8 E, F , densitometrically quantified below). Treatment of mutant SOD1-expressing neurons with 50 m secinH3 blocked the increase in ATF4 and CHOP. This effect appeared to be specific; secinH3 treatment did not influence the abundance of CHOP in neurons expressing LacZ or WT SOD1 (Fig. 8 E, F, densitometrically quantified below) .
The third UPR arm that we investigated is initiated by ATF6, a transcription factor that is rendered active by ER-stress-induced translocation from the ER to the Golgi apparatus and by proteolysis. Compared with spinal cord cultures expressing LacZ or WT SOD1, there was a clear increase in the abundance of the ATF6 target gene protein disulfide isomerase (PDI or PDIA1) in mutant SOD1-expressing neurons (Fig. 8G,H , densitometrically quantified below). Treatment of mutant SOD1-expressing neurons with 50 M secinH3 blocked the increase in PDI in an apparently dose-dependent manner (densitometrically quantified below).
In sum, these experiments indicate that the expression of mutant SOD1 stimulates the two arms of the UPR and that inhibition of cytohesins by secinH3 blunts this response. These observations suggest that, in the setting of proteotoxic stress, inhibition of cytohesins reduces ER stress.
SecinH3 stimulates autophagy
Because unrestrained ER stress can cause cell death, we posit that the beneficial effects of secinH3 was mediated, at least in part, by the alleviation of ER stress. One way that this might occur is by enhanced degradation of misfolded proteins either through the ubiquitin-proteasome system or the lysosome-based degradation pathway, autophagy. Macro-autophagy (hereafter referred to as autophagy) is an attractive target for ARF GTPase regulation because of the major role that this class of proteins plays in membrane trafficking and lipid signaling. Recent work has implicated ARF GTPases in various aspects of autophagy (Moreau et al., 2012; Rong et al., 2012) . In the next set of experiments, we monitored aspects of autophagy upon expression of mutant SOD1 and assessed the effects of secinH3.
Microtuble-associated protein 1 light chain 3 (LC3) is a mammalian protein specifically associated with autophagosome membrane. Upon induction of autophagy, the cytosolic form of LC3 (LC3-I) is lipidated and recruited to both the inner and outer surfaces of autophagosomes, resulting in the autophagosome-associated LC3-II form. Sequestome 1/SQSTM1 or p62 is incorporated into autophagosomes and is efficiently degraded by autophagy. Cellular levels of p62 inversely correlate with autophagic flux and it is often used as another marker for autophagy induction (Bjørkøy et al., 2005) . We began by monitoring the effect of secinH3 on autophagy induction by assessing the levels of LC3 and p62 proteins. HeLa cells under normal growth conditions were treated with vehicle or increasing amount of secinH3 for 24 h and the cells were lysed and immunoblotted for LC3 and p62. We found that treatment of HeLa cells with increasing amount of secinH3 caused a clear increase of LC3-II levels and, conversely, a decrease in p62 levels (Fig. 9A , densitometrically quantified below). In addition, upon 1 h of starvation of HeLa cells, we detected an increase of LC3-II and a decrease in p62 and these effects were enhanced by treatment with secinH3. This was not a cell-line-specific phenomena because an increased level of LC3-II was also seen in motor-neuronlike NSC34 cells when treated with secinH3 (Fig. 9B) . Impairing lysosome acidification with cloroquine leads to LC3-II accumulation (Mizushima et al., 2010) and serves as a positive control in these experiments.
We next monitored LC3-I and LC3-II levels and the effects of secinH3 upon expression of mutant SOD1 in spinal cord neuron cultures. Spinal cord neuron cultures at DIV 14 were first infected with HSV engineered to express LacZ, WT SOD1, or G85R mutant SOD1. Then, the cultured neurons were treated with 50 M secinH3 for 48 h before being lysed and blotted for LC3-II levels. We found that expression of mutant SOD1 triggered an increase in the level of LC3-II and treatment of secinH3 enhanced this induction (Fig. 9C, densitometrically quantified below) . Although the physical separation of LC3-I from LC3-II by SDS-PAGE gels in HeLa cells is robust, it is less prominent in studies of NSC-34 cells and primary neurons, as described prevously (Hetz et al., 2009) . Efforts to enhance the physical separation of LC3-I from LC3-II using larger gels or gradient gels failed despite significant effort. This is a limitation of the study LC3 protein chemistry inherent to our primary neuron culture system. Together, these observations suggest that secinH3 stimulates steps in the autophagy process. Because this is detectable in the presence of mutant SOD1, it raises the possibility that the neuroprotective actions of secinH3 are linked to autophagy induction.
The steady-state level of LC3-II or p62 does not report autophagic flux and a number of different assays have been proposed to overcome this limitation (Mizushima et al., 2010) . The difference in LC3-II levels with or without inhibition of lysosomal protein degradation can be used to measure autophagic flux. We treated HeLa cells with 50 M secinH3 or vehicle and then inhibited autophagy with the vaculoar H ϩ -ATPase inhibitor Baf A1. Western blots of LC3 show that secinH3 enhances the difference between LC3-II levels in the presence versus absense of Baf A1 (when normalized to actin; Fig. 9D , densitometrically quantified below). Similarly, secinH3 enhances the difference between p62 levels in the prescence versus absence of Baf A1. The same basic observations are seen using a different autophagy inhibitor, 3-MA (data not shown). These observations suggest that secinH3 stimulates autophagic flux.
SecinH3 enhances the clearance of mutant SOD1
In the context of neurodegenerative disorders, a consensus is emerging that the induction of autophagy can be a neuroprotective response (Levine and Kroemer, 2008; Mizushima et al., 2008; Metcalf et al., 2012; Choi et al., 2013) . Promoting the clearance of aggregate-prone proteins via induction of autophagy has proven to be a useful mechanism for protecting against the toxic effects of these proteins. In light of the observation that secinH3 was neuroprotective, reduced ER stress, and stimulated autophagic flux, we next determined the effects of secinH3 on the accumulation of mutant SOD. We began with stable and inducible motor-neuron-like NSC34 cells expressing EGFP-tagged WT SOD1 or G93A mutant SOD1 (Mali and Zisapels, 2008) . In these cells, the transgene expression can be induced by adding doxycycline (Fig. 10A ) and then switched off by removing doxycycline from the medium.
We then investigated the effects of secinH3 treatment on the clearance of soluble G93A mutant SOD1 protein. NSC34 cells expressing G93A SOD1 were cultured in the presence of doxycycline for 24 h to induce the expression of mutant SOD1. After four washes with PBS to remove doxycycline, cells were incubated with fresh medium with 50 M secinH3 and then treated every other day thereafter as needed or given vehicle. At 24, 48, and 60 h after the removal of doxycycline, Western blotting did not show dramatic differences in the abundance of G93A SOD1 proteins in cells treated with secinH3 compared with vehicle treatment (data not shown). We found that the abundance of G93A SOD1 decreased in cells treated with secinH3 at 72 and 120 h after doxycycline removal (Fig. 10B, top) . These data suggest that inhibition of cytohesin signaling with secinH3 enhances the clearance of soluble mutant SOD1 proteins, probably by augmentation of autophagy.
To determine whether this effect was restricted to mutant SOD, we studied a second NSC34-stable cell line that was engineered to express WT SOD. We followed the same protocol described above and found that secinH3 had no effect on the abundance of WT SOD up to 72 h after withdrawal of doxycline. At the 120 h time point, cells treated with secinH3 had less WT SOD compared with vehicle-treated cells (Fig. 10B, bottom) . Together, these results suggest that secinH3 accelerates the degradation of both mutant and WT SOD in this inducible expression system; the effect on mutant SOD degradation appears to be more robust.
We attempted to rescue the secinH3 effect on SOD degradation by transfecting noninhibitable, constitutively active ARFs into G93A mutant SOD-expressing NSC34 cells and treating with secinH3 or vehicle. NSC34 cells were transfected with expression plasmids for Q71L ARF1 or Q71L ARF5 or Q67L ARF6 or LacZ, transiently stimulated with doxycycline, and incubated with secinH3 or vehicle for 120 h before lysates were prepared and immunoblotted for SOD or the HA-tagged ARF constructs. SecinH3 led to enhanced degradation of SOD in LacZtransfected cells. Interestingly, the expression of Q71L ARF1 or Q71L ARF5, but not Q67L ARF6, blocked the secinH3 effect on mutant SOD expression (Fig. 10C) . All of the constitutively active ARFs were expressed at similar levels in cells. We draw two conclusions from these results. First, the enhanced degradation of mutant SOD by secinH3 is likely to be mediated by inhibition of cytohesin activity because constitutive activity of their downstream targets (ARFs) overcomes the drug effect. Second, ARF1-and ARF5-mediated events may be particularly relevant to the clearance of mutant SOD because only these constitutively active mutants ablated the secinH3 effect.
Up to this point, we had only studied the effects of secinH3 on the abundance of the Triton-X 100-soluble pool of mutant SOD. We next investigated whether secinH3 alters the abundance of a misfolded version of SOD (detectable by immunoprecipitation with the MS785; Fujisawa et al., 2012), as well as soluble versus insoluble SOD. G93A mutant SOD NSC34 cells were pulsed with doxycycline and incubated with 50 M secinH3 and then treated every other day thereafter or with vehicle for 120 h. Lysates were prepared and aliquots of the starting material obtained and subjected to Western blot for soluble SOD. The volume of lysate for immunoprecipiation with the MS785 antibody was adjusted so that equal amounts of soluble SOD were present in the two samples. When analyzed in this way, we found a decrease in misfolded SOD in the secinH3-versus vehicle-treated cells, whereas the starting amount of soluble SOD was, as designed, equivalent in the two samples (Fig. 10D) . In a parallel set of dishes, we compared Triton X-100-soluble versus -insoluble mutant SOD from cells treated with secinH3 or vehicle for 120 h. SecinH3 led to a decrease in soluble SOD (normalized to actin), but not insoluble SOD (Fig. 10D) . These results suggest that secinH3 treatment accelerates the degradation of misfolded SOD. Because misfolded SOD is likely to be in thermodynamic equilibrium with properly folded SOD, the enhanced degradation of misfolded SOD may also lead to a reduction in the steadystate levels of properly folded SOD. The lack of effect of secinH3 on Triton X-100-insoluble SOD samples suggests that this pool is more stable in NSC-34 cells under these experimental conditions.
Finally, we investigated whether reducing cytohesin function in primary neurons expressing mutant SOD influenced the abundance of misfolded soluble and insoluble SOD levels. Primary neuronal cultures were infected with HSV-G85R SOD and treated for 3 d with secinH3 (50 M and every other day thereafter as needed) or vehicle before lysates were prepared for Western blot. Previous work has demonstrated that no neuronal death occurs at this time point in this experimental paradigm (Mojsilovic-Petrovic et al., 2006) . Treatment with secinH3 reduced the neuronal abundance of misfolded soluble and insoluble SOD (Fig. 11A,C) . The level of actin is the same in these experimental groups, in further support of the notion that neuronal death is not the reason for the secinH3-dependent changes in SOD abundance.
To consolidate these observations, we investigated whether knock-down of cytohesin in neurons expressing mutant SOD influenced the abundance of misfolded soluble and insoluble SOD. Primary neuronal cultures were infected with HSV-G85R SOD and the pan-Cy miRNA (or the scrambled sequence con- trol) and, 3 d later, lysates were prepared for Western blot. Knock-down of Cy1, Cy2, and Cy3 reduced the neuronal abundance of misfolded soluble and insoluble SOD without influencing the abundance of actin (Fig. 11 B, C) . These observations indicate that pharmacological or genetic reduction in cytohesin activity, either in cell lines or primary neurons, reduces the burden of toxic forms of mutant SOD.
Discussion
Cytohesins are a group of proteins composed of conserved N-terminal coiledcoil, central Sec7, and C-terminal PH domains. They have emerged as versatile regulators of cellular signaling transduction and vesicle traffic, controlling cell growth and proliferation, differentiation, and migration (Nie et al., 2003; Randazzo and Hirsch, 2004; Casanova, 2007; Donaldson and Jackson, 2011) . In the present study, we found that pharmacological or genetic inhibition of cytohesin activity combats the toxic activity of diseaselinked mutant proteins in both in vitro and in vivo model systems. The beneficial actions of cytohesin antagonism are linked to their ability to attenuate ER stress and promote autophagy. The development of orally active, blood-brain barrier-permeable cytohesin activity inhibitors might benefit neurodegenerative diseases with impaired protein homeostasis.
Activation of the UPR upon ER stress is the earliest detectable event in the pathophysiology of mutant SOD toxicity in neurons (Saxena et al., 2009) and there is evidence for UPR activation in many neurodegenerative disease models (Ryoo et al., 2007; Urushitani et al., 2008; Colla et al., 2012a; Colla et al., 2012b; Abisambra et al., 2013; Vaccaro et al., 2013) . Activated UPR can have beneficial and noxious effects on neurons and the balance between these outcomes is 4 Figure 11 . Reducing cytohesin activity with secinH3 or abundance with pan-Cy miRNA in primary spinal cord neurons reduces the burden of misfolded, soluble, and insoluble SOD. DIV 14 spinal cord neurons were infected with HSV-mut SOD and treated with secinH3 or vehicle for 3 d. In a parallel set of cultures, mutant SOD-expressing cells were simultaneously infected with HSV engineered to express pan-Cy miRNA to knock down Cy1, Cy2, and Cy3 or a scrambled miRNA for 3 d. Lysates were fractionated and subjected to Western blot. A, secinH3 (50 M) treatment leads to decreased abundance of misfolded soluble and insoluble SOD in neurons expressing mutant SOD. B, Knock-down of Cy1, Cy2, and Cy3 leads to decreased abundance of misfolded, soluble, and insoluble SOD in neurons expressing mutant SOD. C, Quantification of Western blot data showing statistically significant group differences (Student's t test, *p Ͻ 0.05).
